Lead barium zirconate (PBZ) thin films were deposited on Pt/Ti/SiO 2 /Si substrates by spincoating sol-gel precursor solutions to fabricate films for electrically tunable device applications. Randomly oriented ͑Pb 1−x Ba x ͒ZrO 3 cubic perovskite films with x = 0.4, 0.6, and 0.8 were formed after heat treating at 600°C-750°C. The results demonstrated that the ͑Pb 0.6 Ba 0.4 ͒ZrO 3 film possessed promising tunable dielectric properties as measured at 1 MHz. The ͑Pb 0.6 Ba 0.4 ͒ZrO 3 film heat treated at 750°C has a dielectric dissipation factor ͑tan ␦͒ of 0.007 and a dielectric tunability of 43%. The figure of merit of the ͑Pb 0.6 Ba 0.4 ͒ZrO 3 film is 61.43, which is comparable with the foremost investigated (BaSr) 3,4 Barium strontium titanate ͑Ba 1−x Sr x TiO 3 ͒ thin film has been considered one of the foremost candidates for such tunable components. One of the major challenges encountered for realizing the integration of BST thin films into electrically tunable devices is the simultaneous minimization of the dielectric loss and maximization of dielectric tunability. Many attempts to improve the dielectric properties of BST thin films have focused on film texturing, 5 improvement of the dielectric-electrode interface, control of film stress, 6,7 addition of acceptor dopants, [8] [9] [10] and modification of the film microstructures.
Recently, strong interest has focused on the development of tunable dielectric materials for microwave device applications.
1,2 Such microwave components consist of voltage-controlled oscillators, varactors, delay lines, and phase shifters. 3, 4 Barium strontium titanate ͑Ba 1−x Sr x TiO 3 ͒ thin film has been considered one of the foremost candidates for such tunable components. One of the major challenges encountered for realizing the integration of BST thin films into electrically tunable devices is the simultaneous minimization of the dielectric loss and maximization of dielectric tunability. Many attempts to improve the dielectric properties of BST thin films have focused on film texturing, 5 improvement of the dielectric-electrode interface, control of film stress, 6 ,7 addition of acceptor dopants, [8] [9] [10] and modification of the film microstructures. 11 Almost no attempt has successfully improved the dielectric tunability and dielectric loss simultaneously. Besides, titanium-containing oxides generally encounter degradation problems under a high electric field and high-temperature conditions as well as under moisture environments. Degradation is accompanied by the movement of charged defects, such as oxygen vacancies. The oxidation state of titanium is easily reduced from ϩ4 to ϩ3 at elevated temperatures. 12 Accordingly, oxygen vacancies and electrons are created to ionically and electronically compensate for the charge variation which was caused by titanium reduction. Oxygen vacancies and electrons result in dielectric loss and degradation. It is valuable to construct electrically tunable materials which contain no titanium ions.
Lead barium zirconate [Pb 1−x Ba x ZrO 3 (PBZ)] is a series of materials with perovskite structure. [13] [14] [15] PBZ exhibits antiferroelectric as x = 0 to 0.2, ferroelectric as x = 0.2 to 0.4, and paraelectric as x = 0.4 to 1. The perovskite structure of PBZ is tetragonal in the antiferroelectric region, rhombohedral in the ferroelectric region, and cubic in the paraelectric region. For electrically tunable applications, the ferroelectric and antiferroelectric phases may possess high dielectric loss, but the paraelectric phase of the PBZ (x = 0.4 to 1) materials is a possible candidate like its BST counterpart. Recently, several researchers [16] [17] [18] [19] reported electric properties of some PBZ materials, however, the compositions were all focused in the range of x ഛ 0.3, and no investigation of tunability was performed. In this letter, we report electrically tunable PBZ thin films in the composition range of x ജ 0.4.
The PBZ thin films were prepared by the sol-gel process. The precursor solution was synthesized from lead acetate trihydrate, barium acetate, and zirconium acetylacetonate. Lead acetate trihydrate was dissolved in acetic acid and heated to 110°C for 6 h. Barium acetate was dissolved in acetic acid and heated to 70°C for three hours. Zirconium acetylacetonate was dissolved in acetic acid for 3 h at room temperature. Then, the PBZ precursor solution was prepared by mixing the three solutions together at room temperature for 3 h. The nominal composition of the solution is expressed as Pb 1−x Ba x ZrO 3 (x = 0.4, 0.6, and 0.8) with 5 mole % excess lead for lead loss compensation. The concentration of the precursor solution was 0.2 mol/kg. To fabricate PBZ thin films, the precursor solution was spincoated on Pt/Ti/SiO 2 /Si substrates under 2500 rpm for 30 s, followed by baking at 150°C for 5 min and 350°C for 10 min. The spincoating process was generally repeated four times. The films were then heated at 500-750°C for 20 min in an O 2 atmosphere. The thickness of the heat-treated PBZ films was approximately 200 nm. phase was found in the PBZ films. For PBZ films of x = 0.6 and 0.8, the crystallization of perovskite phase was similar to the x = 0.4 film, except that for the x = 0.8 film the perovskite phase was crystallized at higher temperature 650°C. The PBZ films possess similar XRD patterns to powder files, exhibiting random orientation without texture. In order to clarify that the small particles are second phases existing only on the top surface and that their amounts are too few to be detected by XRD, grazing incidence XRD (GIXD) was performed at 0.3°, 0.5°, and 1°grazing angle. The diffraction peak intensity of the Pt electrode decreases with decreasing grazing angle and disappears at 0.3°grazing angle, showing that the contribution of the top part of the PBZ film increases with the decreasing grazing incidence angle. In contrast, the intensity of the perovskite peaks does not change with the grazing angle. It implies that the perovskite distributes uniformly in the whole PBZ film and is the only crystalline phase. Both the large grains and the small particles are the perovskite phase. To determine the elemental distribution of these two regions, energy dispersive x-ray spectroscopy (EDX) were employed to determine the elements of the two regions. The results indicated that both the large grains and the small particles surrounding large grains contained lead, barium, zirconium, and oxygen of almost the same ratio. Since the signals of EDX come from the whole depth of the film, the EDX results may only represent that the average composition of these two regions is the same. Auger electron spectroscopy (AES), which is sensitive to the surface layer, was used to probe these two regions. The results of the AES obtained from these two regions confirmed that they comprise almost the same ratio of Pb, Ba, and Zr.
Combining the results of XRD, GIXD, EDX, and AES, we concluded that both the large grains and small particles are the PBZ perovskite phase of the same composition but different in size. Figure 3 exhibits the frequency dependence of dielectric properties of the PBZ films heat treated at 750°C, demonstrating that the dielectric constant of PBZ films increases with increasing lead content, they are 150, 65, and 35, respectively, for compositions x = 0.4, 0.6, and 0.8. The dissipation factors of the x = 0.4 and 0.8 PBZ, films are lower than 0.01 at 100 kHz, but that of the x = 0.6 PBZ film is larger than 0.01. The dielectric constant of PbZrO 3 is 110 at room temperature. The relative dielectric constants at room temperature of compositions in the ferroelectric and antiferroelectric region ͑x Ͻ 0.4͒ vary from 6600 to 300, depending on the Ba/Pb ratio, the excess amount of Pb, and the magnitude of measuring temperature away from their Curie temperatures. peratures higher than room temperature. If the data are fitted to the Curie-Weiss law, the calculated Curie temperatures are below the zero absolute temperature, indicating that the PBZ films remain to be paraelectric down to zero absolute temperatures. The polarization-electric field curves of these three PBZ films were measured. The results show no hysteresis behavior. It provides evidence that these PBZ films are paraelectrics. Figure 4 shows the dielectric properties of the ͑Pb 0.6 Ba 0.4 ͒ZrO 3 films measured at 100 kHz as a function of heat-treatment temperature. The relative dielectric constant increases and the dissipation factor decreases with increasing heat-treatment temperature. The film treated at 750°C possesses the best dielectric properties. The improved dielectric properties of the PBZ films are considered to be related to their increasing uniformity of microstructure. Figure 5 expresses the electric-field dependence of the dielectric constant and the dissipation factor (1 MHz) of the three PBZ films heat treated at 750°C, demonstrating that the dielectric tunability depends greatly on the composition. The dielectric tunability was calculated by the formula tunability = 0 − e 0 ϫ 100%, where 0 and e represent the dielectric constant value at zero and the maximum applied electric field, respectively. The dielectric tunability of the PBZ films increases with the lead content. They are 5%, 20%, and 43% for x = 0.8, 0.6, and 0.4 PBZ films, respectively. In electrically tunable applications, the figure of merit (FOM) is usually used to compare the quality of ferroelectric films. The figure of merit can be defined as 
